. In this study, we used both fluorescence microscopy and PCR amplification with Wolbachia-specific primers to show that Wolbachia can be transmitted to a parasitic wasp (Leptopilina boulardi) from its infected host (Drosophila simulans) and subsequently undergo diminishing vertical transmission in this novel host species. These results are, to our knowledge, the first to reveal a natural horizontal transfer route for Wolbachia between phylogenetically distant insect species.
common ancestor occurred at least 200 million years earlier [9, 19] . As Wolbachia isotypes are present in a wide variety of arthropods, this observation leads inexorably to the conclusion that Wolbachia have undergone horizontal transmission -and the life history and virtual ubiquity of insect parasitoids in terrestrial ecosystems implicates them as vectors of Wolbachia. This idea is supported by the discovery of closely related Wolbachia isotypes in parasitoids and their evolutionarily divergent hosts, but remains equivocal [15, 17, 20, 21] . Many parasitoids inject their eggs into the haemocoel of their hosts, where the eggs undergo metamorphosis -if the host is a carrier of Wolbachia, this potentially exposes the developing parasitoid's stem cells and somatic cells to infection.
We attempted to transfer Wolbachia from D. simulans (Riverside), which has a naturally high level of infection and causes strong cytoplasmic incompatibility [7] , to a novel host, L. boulardi, a polyphagous endoparasitoid of drosophilid larvae [18] . Wolbachia-positive donor lines of D. simulans (Riverside) (DSR) and Wolbachia-negative potential recipient lines of L. boulardi (LB) were established. The Wolbachia-negative parasitoids were reared on D. simulans (Riverside) that had been cured of Wolbachia by tetracycline treatment (DSRT) [8, 14, 22] . The presence of Wolbachia was determined by epifluorescence microscopy of Hoechst-stained specimens, and by PCR amplification with Wolbachia-specific 16S rDNA primers (forward TTGTAGC(C/T)TGCTATGGTATAACT; reverse GAATAGGTATGATTTTCATGT; modified from [16] ), with control PCR amplification using mitochondrial cytochrome oxidase I primers [23] . Template DNA from DSR lines was used as a positive control for the presence of Wolbachia. Prior to the experimental parasitisms, the infection status of all three lines was confirmed by both epifluorescence microscopy and PCR.
The experimental parasitoid-host encounters were observed individually to preclude super (multiple) parasitism. Each of 100 L. boulardi females in the experimental and control groups was allowed to encounter 30 hosts. Pupae were isolated individually and allowed to develop. L. boulardi eclosures were sexed and males discarded because Wolbachia is maternally inherited [14] . L. boulardi F 1 females were mated to Wolbachia-negative males from the control group and allowed to oviposit into DSRT hosts; they were then dissected and their ovaries assayed for the presence of Wolbachia by epifluorescence microscopy. In order to confirm both horizontal and subsequent vertical transmission of Wolbachia, F 2 , F 3 and F 4 progeny were tested by both epifluorescence microscopy and PCR amplification of Wolbachia DNA (Figure 1 ). 3000 encounters with DSR hosts resulted in the eclosion of 703 F 1 female wasps and 805 F 1 males, whereas the 3000 control encounters with DSRT hosts yielded 658 F 1 female wasps and 884 F 1 males (data summarised in Table 1 ). Parasitoids did not eclose from approximately 50% of hosts following the observed encounters in both control and experimental classes, which could be either because the host mounted a successful immune response or because the parasitoid did not lay an egg. The unusually high mortality observed in both experimental and control groups was probably a consequence of the culture conditions and the degree of physical manipulation of the Drosophila larvae demanded by the experimental design.
None of the 658 control females showed any cytological evidence of Wolbachia infection, and all but 10 randomly selected F 2 cultures were discarded. Three of these control lines produced 1, 2 and 4 female progeny, respectively, which were later tested by PCR amplification with Wolbachia-specific primers and found to be uniformly Wolbachia-negative ( Figure 1 ).
Of the 703 female wasps eclosing from DSR host pupae, seven stained positive for the presence of Wolbachia, with a further 16 being ambiguous ( Figure 2 ). These 23 females were retained and the remainder discarded. Of the seven F 1 females suggested by epifluorescence microscopy to be infected with Wolbachia (A-G in Figure 2 ), one died without reproducing, two produced exclusively male progeny and four yielded clutches of mixed sex with four, three, four and six daughters, respectively. These daughters were all assayed for the presence of Wolbachia by PCR amplification (Figure 1 ). The clutch of three sisters (B in Figure 2 ) were all Wolbachia-positive, while the remaining clutches (A, C and D in Figure 2 ) comprised both infected and uninfected females. Males were excluded from the analysis because Wolbachia is maternally inherited.
Of the 16 ambiguous females, seven died without reproducing, six produced exclusively male progeny, and three yielded clutches of mixed sex (H-J in Figure 2 ), with five, two and four daughters, respectively. Three of the sisters from the clutch of five (H in Figure 2) were Wolbachia-positive by PCR amplification, with all the sisters in the two remaining clutches (I and J in Figure 2 ) being uninfected (Figures 1 and 2) . The within-clutch sex ratios, and the prevalence of all-male clutches, were directly comparable with those observed in the control group. Therefore, out of 703 females eclosing from DSR hosts, Wolbachia underwent horizontal transmission to the F 1 generation and was subsequently inherited in the F 2 generation in five definite cases (A-D and H in Figure 2 ), or 0.711%. This number is probably an underestimate, however, because of the seven showing cytological evidence of Wolbachia infection, the two that did not produce female offspring (E and F in Figure 2 ) may have been carrying Wolbachia with the potential to pass it on to their progeny.
Figure 1
Electrophoretic analysis of PCR products amplified from DNA isolated from L. boulardi and D. simulans. PCR reactions were set up using Wolbachia-specific 16S rDNA primers (see text), with internal control amplification using mitochondrial cytochrome oxidase I (general insect) primers [23] . Table 1 Horizontal transmission of Wolbachia during parasitism of infected D. simulans (DSR) by uninfected L. boulardi (LB). Vertical transmission of Wolbachia to the F 3 generation was demonstrated by both cytological examination and PCR amplification of Wolbachia DNA (Figures 1,2) .
This study has shown that Wolbachia can be transmitted from an infected insect host to an immature stage of an attacking endoparasitoid, and that this infection is inherited to the F 3 generation (Figure 2 ). This is the first experimental demonstration of a natural horizontal transmission route for Wolbachia across arthropod orders. For Wolbachia to spread within a new host population after horizontal transmission, however, requires stable vertical transmission, and there are a number of reasons to suppose that the establishment of stable vertical transmission within the new host may not be easy. For vertical transmission, Wolbachia must be present in mature and viable eggs, which requires that it undergoes replication and segregation in synchrony with its host during oogenesis. The loss of Wolbachia during vertical transmission that we have observed may be attributable to asynchrony, resulting in an unknown proportion of host eggs being entirely Wolbachiafree. Poor maternal transmission, as a result of host-Wolbachia incompatibility, would lead to loss of the infection from the host population, as we have observed.
The specific pattern of loss of infection seen in our experiments, with a greater reduction between the F 2 and the F 3 generations than between the F 1 and the F 2 generations, could be explained in terms of the diluting effect of poor vertical transmission acting on variation in the titre of Wolbachia acquired in the initial infection. This requires that the A 1 female received a higher bacterial titre than other infected females following horizontal transmission ( Figure 2 ) and we know from other experiments, in which Wolbachia has been transferred by microinjection between pyralid moths, Drosophila and associated parasitoids, that the success of vertical transfer depends on the microinjection titre of the bacteria (R.D.J.B., unpublished observations). Such variation in bacterial titre may have arisen from a genetic propensity to infection in the A 1 female, a very high level of infection in the DSR host in which it developed, specific aspects of its development, or a combination of all of these factors.
Our results are compatible with the lack of congruence found between molecular phylogenies of parasitoid guilds and their hosts [20, 21] , and this raises the possibility that it may be the vertical and not the horizontal component of transmission that is one of the rate-limiting steps in the spread and maintenance of Wolbachia in new host populations. It is highly likely that stable vertical transmission is in any case mediated by the interaction between horizontally acquired Wolbachia and the nuclear/cytoplasmic background of the host, and theoretical arguments suggest that the initial infection frequencies may influence whether or not the infection ultimately becomes evolutionarily stable.
The frequencies of horizontal transmission via this route in vivo are unknown and remain to be investigated, although it is likely that infection frequencies in the field may reflect the fact that new infections can be foreclosed by unsuccessful vertical establishment due to host-bacterial incompatibility. Given the ubiquity of insect parasitoids in terrestrial ecosystems, however, and the singular Brief Communication 315 
